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1 Introduction
Glass fascinates mankind since its first discovery about 30 thousand years ago. Besides
the challenging conditions for fabricating glasses with homogeneous properties the tech-
nological prospects for precise machining were first developed in the last millennium.
While core areas of glass processing were dominated by well-established mechanical
techniques such as scribing, grinding, sawing and polishing the technological progress
and ongoing miniaturization demanded alternative processing tools. Within the end of the
20th century the development of ultrashort pulse laser systems paved the way for precise
and cost-efficient solutions for materials processing in key technologies such as computer
chips, medical surgery or in the field of automotive. Even more, the short pulse dura-
tion represents the key to locally process transparent materials within the bulk to induce
modifications with feature sizes smaller than the wavelength of light [1, 2].
When focusing ultrashort laser pulses in the bulk of glass nonlinear absorption leads to ex-
treme non-equilibrium states within a confined volume mediating the localized deposition
of the laser pulse energy. Fused silica turned out as versatile platform to study the laser-
induced modifications. Typically three different kinds are distinguished. First, isotropic
refractive index changes allow for inscribing waveguides [3, 4] that may serve to realize
complex photonic networks [5, 6]. Second, a confined micro-explosion within the focal
volume may leave a region devoid of any material [7, 8] that can be used for data stor-
age [9] or microfluidic purposes [10]. Finally, one of the key findings of laser materials
processing is the local inscription of strong birefringence due to a sub-wavelength grating
structure within an otherwise isotropic host material [11, 12].
The observation of local anisotropy under laser irradiation goes back to the discovery of
laser-induced periodic surface structures (LIPSS) in the 1960s [13]. While LIPSS can be
induced on the surface of various materials using cw and pulsed laser irradiation, peri-
odic nanostructures in the bulk of transparent materials, so-called nanogratings, uniquely
form when using ultrashort laser pulses. First studies of these nanogratings discovered
anisotropic light scattering in germanium doped silica [11] as well as in pristine silica
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[14] after femtosecond laser irradiation. In 2003, Shimotsuma et al. reported on the un-
derlying nanostructure with sub-wavelength periodicity which causes the induced bire-
fringence [12]. Later on it was found that the orientation of the grating planes is always
perpendicular to the laser polarization, while the formation of the grating (typically as-
cribed as a self-organization mechanism) requires several hundreds of laser pulses [15].
Thus, the degree of birefringence can be tuned by setting the laser parameters adequately.
In combination with the direct writing technique using a high precision translation stage,
the three spatial degrees of freedom (x, y, z), and the possibility of locally tailoring the
birefringence amplitude and orientation enables the fabrication of various photonic func-
tionalities. These range from wave plates for the generation of diverse polarization states
[16, 17], computer generated holograms [18] to microscopic applications [19].
Moreover, nanogratings can be rewritten, i.e. an existing nanograting is erased and newly
arranged when inscribing again at the same position with a differently oriented polariza-
tion direction [20]. This phenomenon is useful for data storage applications since im-
printed information in terms of nanograting-based data units can easily be corrected or
updated as needed.
Above all, nanogratings were assumed to be a special feature of laser-irradiated fused sil-
ica due to the anomalous glass density behavior on the fictive temperature [21]. Contrar-
ily, the observation of nanogratings in crystals such as tellurium dioxide single crystal and
sapphire has been reported, too [22, 23]. The irradiation leads to rapid ionization and bond
breaking of the glass network (SiO2 tetrahedrons in case of silica). Consequently, laser-
irradiated glass is composed of point defects which in turn might mediate the feedback
process towards a quasi-periodic nanograting. The observation of nanogratings in differ-
ent materials such as crystals suggests that a general process dictates the self-assembling.
Since their discovery several theories were put forward to explain the formation of nanograt-
ings [12, 24, 15, 25]. However, these models may only disclose individual aspects of
the nanograting characteristics. The nanoplasmonic model, for instance, describes the
nanograting formation based on anisotropic growth of plasma hot spots which subse-
quently arrange periodically via quasi-metallic waveguiding [15]. The imprinted nanograt-
ing exhibits periods corresponding to λ/2n (λ - laser wavelength, n - refractive index of the
bulk material). However, the model does not explain the continuous shift of the periodicity
with varying pulse overlap that has been measured experimentally [16]. Another approach
was made by Beresna et al. reporting on a longitudinal periodicity of nanogratings (along
the laser inscription direction) which is explained by short-living exciton-polaritons [25].
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The formation of the transverse periodicity, however, remains open. This highlights, that
the underlying formation mechanism is still elusive.
From an experimental point of view, one challenging aspect is the structural investiga-
tion of the nanostructures buried in the bulk of glasses. Mostly polishing and subsequent
etching is used to excavate the induced structures making them accessible to electron mi-
croscopy (SEM) [26, 27]. However, etching destroys the underlying fine structure and
reveals only the coarse structure of nanogratings such as the grating bars. Thus, the ques-
tion came up whether nanogratings are composed of a merely continuous modulation of
the material density [28] or consist of microscopic voids arranged in quasi-periodic grat-
ing planes. In contrast, a microscopic pore morphology was observed after cleaving of
laser-irradiated samples and subsequent imaging with SEM [29]. However, these time-
consuming preparation methods visualize arbitrary cross sections and hardly reveal infor-
mation about the ensemble of microscopic structures induced. In addition, these methods
are not suited to investigate various parameter dependencies of nanogratings.
The goal of this thesis is to explore the formation of nanogratings uncovering the funda-
mental constituents and their formation into regular nanostructures. Based on the current
state of knowledge the nanograting characteristics and their emergence sequence during
the cumulative action of several ultrashort laser pulses are studied. Moreover the rewrit-
ing of nanogratings as well as their relation to periodic surface structures is analyzed. To
uncover the nanostructure dependence on the material composition different glasses are
investigated under ultrashort laser irradiation. These investigations serve to develop a new
understanding of the nanograting genesis. In addition, the generation of local anisotropy
is used to realize various photonic functionalities for polarization manipulation that can
be applied for high-resolution microscopy.
After this introduction, Chapter 2 deals with the current state of knowledge providing an
overview on the absorption of ultrashort laser pulses, the resulting material modifications
as well as theoretical aspects of the nanograting formation. Subsequently, in Chapter
3 laser-induced nanostructures in fused silica are investigated. After exploring their for-
mation threshold and characteristics in dependence of various process parameters, laser-
induced defects and the temperature stability of nanostructures are studied. Chapter 4
covers in-situ measurements of the nanograting evolution as well as the step-wise forma-
tion based on small-angle X-ray scattering (SAXS) and focused ion beam (FIB) milling
in combination with SEM. Subsequently, rewriting of nanogratings and laser-induced sur-
face structures are explored. Afterwards nanostructures in different glasses ranging from
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common glass types such as borosilicate and titanium doped low expansion glass (ULE,
Schott) to selectively doped glasses are studied and the findings are summed up to de-
velop a new model of the nanograting formation. Finally, Chapter 5 presents applications
of laser-induced nanostructures for high-resolution microscopy which is followed by the
conclusion and outlook.
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2 Current state of knowledge
2.1 Fundamentals of glasses
Glasses are the backbone of nowadays life due to their outstanding mechanical, chem-
ical and optical properties. In general, glasses can be defined as frozen-in supercooled
liquids [30, 31]. They exhibit an amorphous structure without any long range periodic
atomic arrangement. The most commonly used glasses are silica based. The vitreous sil-
ica, known as fused silica, consists of 4 oxygen and one silicon atom building relatively
rigid SiO4 tetrahedrons. These are linked at all four corners, while each oxygen atom is
shared between two silicon atoms (Si-O-Si) to form a three-dimensional network. While
the tetrahedrons have a high internal order [32], different angles for the interconnection
as well as rotation of the tetrahedrons are allowed. These building blocks form rings con-
sisting of three or more - but predominantly 5 and 6 tetrahedrons. The structure of pristine
silica exhibits regions of strained Si-O bonds and dangling bond type defects [33, 30] such
as silicon dangling bonds (E‘-center) and oxygen dangling bonds (”non-bridging oxygen
hole center, NBOHC”). In addition, peroxy defects (Si-O-O-Si) or defects associated to
impurity sites especially SiH or SiOH exist.
Another important property is the time-dependent glass transformation behavior. Glasses
are fabricated by cooling of melts with comparatively high cooling rate to avoid crystal-
lization. If so, the liquid melt is cooled below the softening temperature of the crystal
forming a supercooled liquid. The enthalpy (or volume) gradually decreases without any
abrupt decrease due to discontinuous structural rearrangement (see Fig. 2.1). During this
process the viscosity increases until the atoms can no longer arrange to the equilibrium
liquid structure. The enthalpy departs from the equilibrium line of the liquid and finally
merges the enthalpy of the solid while the temperature region in between is known as
transformation region. The temperature at which the enthalpy of the solid and the liquid
line intersects is called fictive temperature. It describes the structure of a glass which is
5
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2.2 Absorption of ultrashort laser pulses in
transparent materials
The density of free electrons in the conduction band of transparent materials at room tem-
perature is small (108-1010 cm−3) and mostly defect-induced [41]. In addition, the bandgap
(Eg, e.g. 9 eV for fused silica) is typically larger than the energy of a single photon (e.g.
2.4 eV at 515 nm) resulting in negligible linear absorption of light. In contrast, ultrashort
laser pulses with a pulse duration of e.g. 500 fs and a pulse energy of 200 nJ can provide
intensities around 1013 W
cm2
when focused with a numerical aperture NA ≥ 0.1. Conse-
quently, the high intensities trigger nonlinear absorption mechanisms that allow for the
excitation of electrons into the conduction band [42].
The initial generation of quasi-free electrons is driven by either multiphoton absorption
or field ionization [43]. In case of multiphoton absorption n photons of energy Eph=hv
are simultaneously absorbed leading to the bridging of the band gap (Eg) if the condition
n·hv≥ Eg is fulfilled [44, 45]. For field ionization the strong laser field distorts the atomic
Coulomb field enabling an electron to tunnel through the remaining potential barrier [45,
46]. To distinguish between both processes the Keldysh parameter:
γ =
w
e
√
Egm∗ecn0ϵ0
2I
(2.1)
is used [47]. Here w denotes the angular frequency, e the elementary charge, m∗e the effec-
tive electron mass, c the speed of light, n0 the refractive index, ϵ0 the electric permittivity
and I the laser intensity. When γ ≫ 1 multiphoton absorption is dominant while field ion-
ization prevails if γ ≪ 1. For the intermediate regime, i.e. where the Keldysh parameter
is nearly one (as in this work) both mechanisms contribute as illustrated in Figure 2.2 (a).
After the initial generation of excited electrons the further absorption process is mostly
governed by avalanche ionization. Excited electrons sequentially absorb single photons
by inverse Bremsstrahlung and reach an energy state that exceeds the band gap. Due
to inelastic collisions (impact ionization) the acquired energy can be transferred to an
electron in the valence band which gets excited leading to both electrons located at the
conduction band minimum. Subsequently this process can be repeated to form an electron
avalanche (see Fig. 2.2 (b)).
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occurs within a few tens of picoseconds. On longer timescales, shock wave propagation,
heat diffusion and rapid quenching of the glass induces structural changes [1, 51].
2.3 Laser-induced modifications
The resulting modifications range depending on the excitation conditions from refractive
index change, cracking, void formation to local melting. The latter is linked to the heat
diffusion time tD = ω20/D, with ω0 the focal radius and D the diffusivity of the material.
The diffusivity is defined as: D = κ/(ρcp), with κ the thermal conductivity, ρ the material
density and cp the specific heat. In fused silica the heat diffusion time corresponds to 1 µs
assuming a focal size of 1 µm (e.g. focusing with a numerical aperture of 0.5 at a laser
wavelength of 515 nm). When the time in between two successive laser pulses is shorter
than this time the temperature in the focal volume increases step-wise from pulse to pulse
(so-called heat accumulation) leading to local melting [51, 52].
Figure 2.3 (a) illustrates the femtosecond processing geometry mostly used for inducing
structural changes. Objectives with high numerical aperture (NA > 0.1) serve to focus
the laser pulses into the bulk. By use of high precision translation stages extended re-
gions with almost arbitrary geometries can be inscribed while moving the sample and/or
the objective to scan the laser focus correspondingly (so-called laser direct writing). For
fused silica three types of modifications can be distinguished: isotropic refractive index
changes (so-called type I) typically used for waveguiding [3], local birefringence due to
so-called nanogratings (type II) [12] and confined voids [7, 8] (see Fig. 2.3 (b)). These
three types can be clearly distinguished for pulse durations below 200 fs while at higher
pulse durations nanogratings form already above a permanent damage threshold [53]. In
the following the modifications will be briefly explained.
2.3.1 Isotropic refractive index change
When tightly focusing femtosecond pulses into the bulk rapid heating and subsequent
quenching of the glass matrix leads to a local increase of the fictive temperature. Due to
the anomaly of silica (see Fig. 2.1 (b)) this corresponds to densification of the irradiated
region. Raman investigations reveal an increased number of 3- and 4-fold rings while 5-
and 6- fold rings decrease in number as well as a smaller overall bonding angle of silicon
atoms, respectively [37, 54, 55]. As first discovered by Davis et al. a smooth refractive
9
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2.3.3 Birefringent material modification
Most intriguingly local birefringence due to so-called nanogratings can be induced when
using an intermediate regime of pulse energy. First observations were made by Kazan-
sky et al. who reported on anisotropic light scattering in germanium doped silica after
femtosecond laser irradiation [11]. Soon local birefringence of laser processed fused sil-
ica was discovered by Sudrie et al. [14]. Later, in 2003, an underlying grating structure
with periods smaller than the wavelength of the inscription laser turned out to cause this
birefringence [12]. Moreover it was found that these nanogratings always orientate per-
pendicular to the laser polarization. In addition, besides the transversal periodicity (see
e.g. Fig. 2.3 (b)), a second periodicity in longitudinal direction (along the laser inscription
direction) was discovered by Beresna et al. [25]. However, the longitudinal periodicity
can be obtained when using high laser pulse energies only [26, 61].
Within numerous studies it was found that the nanogratings evolve during the cumulative
action of several hundreds of laser pulses leading to strong birefringence [53, 15, 16]. This
birefringence is mostly due to the anisotropic nature of the grating structure and hence is
denoted as form-birefringence. However, also stress-birefringence due to glass quenching
and morphological changes accounts to the total birefringence [62]. Still, in a simplified
sketch nanogratings can be described as a periodic modulation of the refractive index as
shown in Figure 2.4
A dielectric material composed of thin layers (compared to the wavelength) with a re-
fractive index n2 and thickness w2 separated by material with n1 and w1 appears optically
homogeneous and can be described by the effective medium theory [63]. Assuming the
period (Λ = w1 + w2) is smaller than the wavelength of light the structure behaves as an
uniaxial negative crystal with the optical axis (n0 - ordinary refractive index) normal to
the grating planes. The resulting form-birefringence (ne − n0; ne - extraordinary refractive
index) is given by [15, 63]:
n2e − n
2
0 =
f ( f − 1)
(
n22 − n
2
1
)2
f n21 + (1 − f )n
2
2
, (2.3)
with the geometrical parameter f = w2
w1+w2
= w2/Λ. A typical value for the birefringence
of nanogratings is ne−n0 = -4·10−3 [64]. Correspondingly, the optical retardance, which is
the product of the size of the modified region (typically several µm, see Fig. 2.4) and the
birefringence, can be as high as 350 nm at a probe wavelength of 546 nm [65]. Assuming
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illustrated the periodic grating planes while almost no topographic contrast could be de-
tected studying secondary electron images. Thus, it was assumed that nanogratings are
merely continuous modulation patterns of the material contrast [28]. Other studies of pol-
ished and etched nanograting samples assumed that the grating planes rather consist of
photo-induced nanocracks [26]. However, etching blurs the underlying structure leaving
only coarse features such as grating planes. Still, more recent observations of fractured
cross sections suggest that nanogratings consist of self-aligned nanocracks with a thick-
ness of 20 nm [15, 29]. Although morphological changes due to stress relaxation during
cleaving can not be fully excluded the assumption of empty cracks explains the tremen-
dous birefringence of nanogratings [69].
2.4 Theoretical aspects of nanostructure formation
Although many theories have put forward to explain the experimentally observed forma-
tion, evolution as well as physical phenomena linked to nanogratings the involved mech-
anism are still elusive and object of intense research [70, 71]. The initial theory came up
with the discovery of the grating structure by Shimotsuma et al. [12] and was, due to sim-
ilarities in periodicity and alignment, motivated by the well-known laser-induced periodic
surface structures (LIPSS) [13, 72]. The model bases on interference of the incident laser
field with the laser-induced plasma waves leading to a periodic modulation within the
bulk. However, the resulting nanograting properties (e.g. distance of the grating planes)
strongly depend on the optical properties and the temperature of the plasma. In contrast
the strong pulse energy dependence of the period could not be confirmed by experimental
observations.
Another model was proposed by Taylor et al. [15, 73] explaining the formation in three
steps: (1.) Localized absorption at intrinsic defects leads to spherical plasma hot spots.
These hot spots grow (2.) to anisotropic plasma sheets perpendicular to the laser polar-
ization due to local field enhancement. This growth is based on a feedback mechanism
from pulse to pulse while laser-induced defects lower the ionization rate for the subse-
quent pulse. Finally, the plasma disks merge into nanoplanes and (3.) periodically arrange
due to a cavity-like amplification process. The anisotropic plasma planes act as quasi-
metallic waveguides while their distance (grating period) is pinned at the lowest optical
(TM - transverse magnetic) mode [74, 73]. Consequently, the distance of grating planes is
13
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constant and corresponds to λ/2n, with λ being the laser wavelength and n the refractive
index of the bulk glass. However, the continuously decreasing period when increasing the
number of applied laser pulses can not be explained by this, even if the refractive index
changes [16].
Another approach concentrates on the explanation of the longitudinal periodicity of nano-
gratings based on short-living exciton-polaritons [25]. This assumes low electron densities
to avoid screening of the exciton-polariton interaction by the laser-induced plasma [70].
However, the model does not explain the fact that at low laser pulse energies the longitudi-
nal periodicity can not be obtained [26, 61]. In addition, the explanation of the transversal
periodicity remains open.
Finally, Liao et al. proposed the excitation of surface plasma waves at the interfaces of
unmodified and modified material [75]. Thus the electric field becomes periodically mod-
ulated while the resulting period of the imprinted grating depends on the electron density.
In contrast, experimental observations of the local rearrangement of the modified material
exclude the interaction of the laser field with surface plasma waves [76].
Recent theoretical studies demonstrate that laser-induced defects and material inhomo-
geneities mediate the feedback process and the fact, that these increase in number from
pulse to pulse, may facilitate the continuous shift of periodicity [71, 77]. Thus, by slightly
changing the material composition (doping) may allow for studying the nanograting char-
acteristics and hence the influence of the host material. This will be studied in detail in
Chapter 4.5.
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3 Laser-induced nanostructures in
fused silica
In this chapter the formation of nanostructures in fused silica is investigated. First the
experimental approach for inscribing and characterizing the nanostructures is presented.
Subsequently this chapter covers the influence of the most relevant process parameters
on the formation and characteristics of nanogratings. Finally, laser-induced defects which
mediate the formation process, mesoscopic and microscopic network changes as well as
the temperature stability of nanogratings will be studied. These properties are not only rel-
evant for the generation but also for application purposes of nanograting-based photonic
devices.
3.1 Experimental methodology
3.1.1 Laser inscription
For the inscription of nanostructures in the bulk of fused silica various laser setups were
used. The experimental approach for the inscription, however, is mostly similar: An ul-
trashort laser source emits pulses with pulse durations of a few ps down to the sub-
picosecond range at wavelengths ranging from 515, 800, 1030 up to 1550 nm. Polarization
optics such as half-wave plate and polarizer serve to adapt the laser pulse energy. The laser
pulse repetition rate (R) can be tuned with an (external or internal) acousto-optical mod-
ulator and the direction of the linear polarization is set by a half-wave plate. To focus the
pulses in the bulk aspheric lenses with numerical apertures (NA) from 0.1 up to 0.6 are
used.
The size of the modification (D) is determined in a first approximation by the spot size
and can be approximated along the direction transversal to the inscribing laser beam with
D=2ω0=2λ/(πNA), with ω0 being the beam waist radius given by the laser wavelength
15
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and the NA of the objective. The pulses are focused in shallow material depths (150-
200 µm; depending on the objective) where spherical aberrations are still small. High-
precision translation stages (Aerotech) serve to inscribe single spots or extended regions
such as single lines (for SEM inspection) up to two- or three-dimensional structures (for
retardance measurements or wave plates) while the speed of the sample movement (v)
varies from less than 1 µm/s up to several tens of mm/s. The formation of nanostructures
strongly depends on the pulse overlap while the corresponding discrete pulse number
effectively incident on one laser spot Np corresponds to Np=D · R/v. When inscribing
multiple traces the line separation was set to avoid overlapping of individual traces.
3.1.2 Characterization of nanostructures
The laser-induced nanostructures are buried within the bulk glass and exhibit feature sizes
smaller than the wavelength of light. Thus, the modified region is not directly accessible
and challenging to evaluate noninvasively. One intuitive approach is the macroscopical
analysis of the induced birefringence by measuring their amount (optical retardance) and
slow axes orientation. For this purpose a commercial strain analyzer (Ilis StrainMatic
M4/60.13) was used in this work. Within the setup the birefringent sample is illumi-
nated by linear polarized laser light (wavelength 587 nm) that in general changes to an
elliptical polarization state by passing through the sample. Subsequently, the ellipticity is
analyzed by a subsequent quarter wave plate and a rotating analyzer measuring the shift
in polarization angle which is proportional to the optical retardance. To evaluate both the
orientation of the slow axes as well as the retardance magnitude typically several incident
polarization states are used. The resulting retardance can be determined with an accuracy
of 0.1 nm while multiple measurements of nanograting samples inscribed with the same
laser parameters, however, revealed a statistical error of 1 nm.
The spatial resolution of 9.9 µm is larger than the typical size of a single spot. Thus, sev-
eral lines were inscribed next to each other (while avoiding an overlap of traces) with a
total size of several hundreds of µm and the averaged retardance was measured. A com-
parison with the retardance gained by a microscopical retardance device (Abrio PolScope,
CRi Inc.) revealed good agreement.
To visualize the nanograting structure scanning electron images (SEM) were acquired.
To this end, the laser focus was scanned through the glass slightly tilted with respect to
the longitudinal position (z) to uncover also depth information. Afterwards the sample
16
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was mechanically polished and etched in 1% hydrofluoric acid for 90 s and coated with
gold to prevent charge accumulation. Based on the porous structure of nanogratings (see
Chapter 4) the increased etch rate yields the coarse structure of nanogratings such as large
pores and their distance (period).
3.1.3 X-ray scattering
One of the key challenges for the experimental investigation of nanogratings is the struc-
tural analysis. Common methods rely on polishing, etching or cleaving of laser-irradiate
samples which destroy fine structural features and, when imaging with SEM, only re-
veal information about arbitrary spatial cross sections. These drawbacks can be overcome
by small-angle X-ray scattering (SAXS), which is well suited to study density inhomo-
geneities within an isotropic material background with resolution down to the nanometer
scale [78, 79]. This can be done in a contactless and nondestructive fashion while the mod-
ifications of interest are still buried in the glass. While SAXS is sensitive to the electronic
density contrast of objects larger than single atoms wide-angle X-ray scattering (WAXS)
covers correlations on atomic scale and may serve to evaluate laser-induced strain based
on changes of the atomic bond distances. This allows for studying different stress states,
e.g. due to glass quenching or complex morphological changes.
Small-angle X-ray scattering (SAXS)
The theory of X-ray scattering goes back to the classical description of scattering by
Thomson and Debye [80, 81]. This considers only elastic light scattering at particles with
the scattering vector:
q =
4π
λ
sin(θ), (3.1)
(with θ being the scattering angle) while multiple scattering processes are neglected (see
Fig. 3.1 (a)) [78]. The scattering amplitude is proportional to the Fourier transformation
of the electron density distribution ρ(r) and hence directly provides structural information
of the probed sample. SAXS is sensitive to the local scattering contrast ∆ρ(r) = ρ(r) − ρ0
while scattering from an isotropic background (density ρ0) only adds at q=0.
Commonly used to probe suspended nanoparticles [82, 83] SAXS can, due to the reci-
procity of the scattering process, also be applied to analyze material inhomogeneities
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tion corresponding to G·exp(−q2R2g/3), where Rg is a parameter which accounts for the
average size of the scattering object and G is a prefactor [78]. In contrast, at high-q values
(Porod region) the scattered intensity decays with a power law ∼ B·q−d f with d f being a
structural parameter and the constant prefactor B. Figure 3.1 (b) illustrates the calculated
scattering intensity of an ideal sphere indicating both regions. Destructive interference
leads to discrete zero points in the high-q range. In a real experiment these points vanish
if the shape of the scattering object is not ideally spherical and/or the size of different ob-
jects varies (polydispersity). In the case of scattering objects with multiple size hierarchies
(i) the so-called unified approach combines the Guinier and Porod regime to describe the
total scattering response of the ensemble [84, 85]:
Iu(q) =
∑
i
Gi exp
⎛⎜⎜⎜⎜⎜⎝−q
2R2
g,i
3
⎞⎟⎟⎟⎟⎟⎠ + Bi(q∗)−d f ,i , (3.4)
q∗ =
q[
er f
(
6−1/2qRg
)]3 ∼ q/Rg.
The error function er f defines the low-q cut-off to avoid divergent behavior. In the case
of multiple structural levels the analysis of each level allows for determining the corre-
sponding structural diameter (assuming spherical shape) D = 2(5/3)1/2Rg, as well as d f
(for compact objects d f ,i=4 and d f ,i <4 for objects with smooth density variations). More-
over, the prefactors of both terms in Equation 3.4 together with Rg serve to evaluate the
size distribution of each particle level in terms of a polydispersity index (PDI):
PDI =
BR4g
1.62G
. (3.5)
For spheres with a defined size (monodispersity), the poldydispersity index is 1, while a
value of 5.56 corresponds to log-normally distributed feature sizes [85]. A crucial param-
eter for evaluating the overall scattering response is the Porod invariant P [86, 85]:
P =
∞∫
0
I(q)r2dr = 2π2∆ρ2φ(φ − 1), (3.6)
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with φ being the particle filling fraction. For a porous material with a filling fraction
φ ≪ 1 the Porod invariant is proportional to the total pore volume. Correspondingly, P
provides the total scattering strength (number of scattering objects) of the probed particle
ensemble.
Wide-angle X-ray scattering (WAXS)
X-ray scattering under wide-angles is sensitive to the atomic configuration in the glass
network, i.e. the atomic pair correlation function [87, 88]. This covers a q-range from
0.5-4Å−1. Changes in the scattering such as a shift in the peak position or width of the
diffraction peak represent the modified atomic rearrangement and provide information
about the lattice parameters, defects or strain [89]. In fused silica a single correlation
peak at 1.6Å−1 is related to the next neighbor atomic distances (Si-O). In a first order ap-
proximation a change in volume is related to the nearest neighbor distances and represents
the (remnant) strain e.g. due to laser irradiation.
However, an absolute strain value requires calibration of the scattering change dS
dT
⏐⏐⏐
p
which
is related to dS
dV
⏐⏐⏐
T
via the linear coefficient of expansion, where S = S (q) is the wide-angle
scattering intensity, T denotes the temperature, V the volume and p the pressure. By using
the linear expansion coefficient of silica (5.7·10−7K−1 [90]) the averaged strain within the
probed glasses can be derived. Since the relation of scattering change to strain is linearly
approximated the corresponding scattering contribution is an additive function. Thus, if
only a part of the volume exhibits strain the local strain is higher than the derived strain
by the relative volume contribution of the irradiated part assuming a monotone strain
distribution.
3.2 Influence of relevant laser parameters
Based on the current state of knowledge first the influence of relevant laser and process
parameters on the nanograting formation is investigated. Starting from the most promising
theoretical approach, the nanoplasmonic model, the prediction of the nanograting period
on the laser wavelength will be analyzed. Nanogratings are known to assemble during
the action of several hundreds of laser pulses. Thus, the corresponding period and optical
retardance in dependence of the number of laser pulses is studied subsequently. Moreover
the temporal pulse sequence may regulate the effect of laser-induced defects and hence
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located above the laser focus and arranged within a tear-drop shaped modification region.
Due to the spatially moving breakdown towards the incoming irradiation [93, 94], the
modified region in principle follows the iso-intensity lines of the laser pulse.
The average distance of grating planes (period) decreases with ongoing irradiation while
the deviation from the mean value shrinks as well (Fig. 3.3 (b)). Intriguingly, even smaller
periods as predicted by the nanoplasmonic theory (Λ/2n) are measured in agreement with
observations from other groups [95, 96]. Although the macroscopical retardance depends
on the period (see Equation 2.4) the strong rise in birefringence can not only be explained
by this reduction. The increase in number of grating planes also leads to a higher refractive
index contrast. However, a more detailed view will be given in Chapter 4. Still, the clear
evolution of a well-ordered nanograting accompanied by strong retardance denotes the
number of pulses as important parameter for the formation mechanism.
3.2.2 Temporal pulse sequence
The evolution from random nanostructures towards a regular arranged grating requires
the cumulative action of several hundreds of laser pulses given a delicate feedback mech-
anism. Besides the effective pulse number per laser spot the temporal pulse sequence is
defined by the laser repetition rate. The laser-induced birefringence basically develops
below a repetition rate of 1MHz for fused silica (see Fig. 3.4). Interestingly the maximal
retardance shifts to smaller repetition rates for increasing laser pulse energy. This is a
consequence of increasing temperatures the larger the pulse energy becomes. The laser-
induced heat can not fully diffuse in between two successive pulses, that results in heat
accumulation setting in at lower repetition rates [43, 52, 97]. This means that even at very
low pulse energy (e.g. at 50 nJ) weak form-birefringence can be induced at high repeti-
tion rates beyond 1MHz [98]. Intriguingly, the short pulse separation seems to be even
beneficial for the nanograting formation since the retardance increases with the repetition
rate at low pulse energy of about 50 nJ which is most likely due to transient defects (see
Section 3.3) [99]. For application purposes, however, the benefit due to the high repetition
rate (and hence possible scanning speed) can not compensate for the weak birefringence.
Moreover, another interesting approach is to use ultrashort pulse trains consisting of a few
laser pulses with high repetition rate and comparatively long time in between these trains
(so-called bursts) instead of a continuous pulse train at constant repetition rate (see Fig.
3.5). This can be achieved e.g. by an acousto-optical modulator which continuously picks
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For smaller pulse durations as 400 fs the generation of free electrons via avalanche ion-
ization becomes less effective and hence due to the reduced heating of free electrons by
collisions the efficiency of nanostructure formation drops [105]. As a result the pulse en-
ergy threshold increases with decreasing pulse duration (see Fig. 3.9 (a)) [26].
With respect to the structural properties of nanogratings varying the pulse duration does
not change the main characteristics such as the period (see Fig. 3.9 (b)). However, due
to the reduced intensity at higher pulse duration smaller modification zones are obtained.
Thus the optical retardance is lower at 1.9 ps (66 nm) as for 0.4 ps (115 nm). This is in
contrast to Figure 3.9 (a) due to the higher numerical aperture of 0.55 and hence higher
peak intensity which causes thermal affects to appear earlier.
3.3 Laser-induced defects and temperature stability
Beyond the basic absorption of ultrashort laser pulses, the formation of nanostructures in
the bulk of glasses comprises complex mechanisms: Laser-induced bond breaking causes
transient and permanent defects while glass chemical processes such as rapid quenching
of the glass matrix leads to changes of the glass density (and fictive temperature) as well
as stress within the laser affected region and beyond. While defects mediate the feedback
process to form a regular nanograting in the first place these also affect optical properties
such as losses due to absorption and scattering at the induced nanostructures. These losses
have to be taken into account in the framework of photonic applications such as optical
components. Furthermore, laser-induced stress both due to the quenched glass matrix as
well as induced by nanoscopic voids may influence the mechanical durability of nanograt-
ings.
3.3.1 Point defects
The absorption of ultrahort laser pulses via nonlinear absorption mechanisms is accompa-
nied by the formation of self-trapped excitons (STEs) which form within a few hundred
fs [106]. The excited electrons relax into these STEs based on electron-phonon coupling
on timescales of a few ten ps [107, 95, 106]. Subsequently, relaxation of the electrons
may occur radiatively with a lifetime of ns (at room temperature) or non-radiatively by
coupling with lattice phonons. The latter facilitates structural modification such as den-
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3.3 Laser-induced defects and temperature stability
(O2) [125, 95]. The presence of both peaks is a signature of the laser-induced bond break-
ing and subsequent relaxation process: During the formation of dangling bond type de-
fects oxygen is generated that may recombine to molecular O2. This oxygen may remain
trapped within the silica network or within small cavities - the primary constituents of
nanogratings (see Chapter 4). The common Raman band appears along the cross section
of the laser modified glass (see Fig. 3.13). However, the largest peak heights are located
in the head of the modification zone where nanogratings are found. Within this region
both oxygen signatures almost equally contribute to the Raman band. In contrast, mostly
dissolved oxygen is measured at the tail of the modification that is most likely due to less
nanostructures in this region [95].
When annealing the samples for one hour at constant temperature both the O2 and D2
peaks decrease in height as Figure 3.14 shows. Oxygen can be measured until 300 ◦C
while the increasing oxygen mobility with temperature may facilitate the recombination
with dangling bonds such as E‘-centers [≡Si•], e.g. to form a peroxy radical [≡Si-O-O•].
In contrast, the increased D2 signal only vanishes at temperatures above 1000 ◦C where
the annealing time is in the range of the glass relaxation time [126].
3.3.4 Network changes on atomic scale: laser-induced strain
Besides the change on mesoscopic length scales rapid quenching of the glass network
may also change the atomic rearrangement such as the next neighbor distances. To this
end, the shift of average bond distances was measured using wide-angle X-ray scattering
(WAXS) at the beamline cSAXS at the Swiss Light Source (PSI Villigen, CH). Within
this experiment, the sample is illuminated with an 11.2 keV X-ray beam and scattering
is recorded by a pixel detector (Pilatus 300k) in the wide-angle region (scattering vector
range from 0.5 to 4Å−1). In fused silica a single correlation peak (atomic pair correlation
function) represents the next neighbor distances. While the scattering change in heated
or compressed liquids and glasses depends in a nonlinear fashion on applied temperature
or pressure [87, 88] atomic-scale strain can be deduced in a simplified fashion through
the shift of the correlation peak (at 1.6Å−1). After laser irradiation, the peak position
is shifted towards larger bonding distances, which is equivalent to an expansive tensile
strain, which could be measured with an accuracy of 2.5 ·10−5. Calibration of the weak
change in scattering has been done at the beamline PDIFF at the radiation source ANKA
(KIT Karlsruhe) on a reference sample of fused silica by changing the temperature and
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3.4 Chapter conclusion
In conclusion, ultrashort laser pulses allow for inscribing nanogratings with tremendous
birefringence of up to several hundred nanometer in fused silica. The appearance of nanos-
tructures requires a certain pulse overlap of several ten laser pulses per spot to develop
regularly ordered grating bars. These always align perpendicular to the laser polarization.
In agreement with the nanoplasmonic theory the period of nanogratings scales linear with
the laser wavelength of the inscription laser. However, SEM images highlight that with in-
creasing number of shots the distance of grating bars continuously decreases even below
the period λ/2n dissenting the nanoplasmonic theory.
By tuning the temporal pulse sequence, e.g. when using femtosecond bursts, pronounced
defect-mediated absorption may favor the formation of nanogratings illustrated by in-
creased optical retardance. For large average laser powers, however, heat accumulation
leads to glass melting and the erasure of nanogratings.
Moreover basic laser pulse parameters such as the pulse energy, duration as well as the
focusing objective define the laser intensity within the focal volume which strongly in-
fluences the formation threshold of nanogratings. This is illustrated by the laser-induced
modification typically following regions of constant intensity. Consequently, the induced
birefringence first increases with pulse energy and finally decreases due to strong mate-
rial damage at high pulse energies. For pulse durations beyond 1 ps the parameter window
where nanostructure formation is obtained shrinks due to thermal effects triggering strong
material damage.
The formation of nanostructures is accompanied by the generation of STEs which rapidly
decay into dangling bond type defects such as E‘-centers and NBOHCs. The bond break-
ing process comes along with the generation of molecular oxygen that exist dissolved
within the network and captured in small voids. As micro-Raman measurements show,
this oxygen mostly appears in the head of the modification where nanostructures form.
Moreover, the Raman measurements reveal that the laser-induced nanostructures are em-
bedded in glass with higher number of 3-fold and 4-fold SiO4 rings. This is a result of the
rapid quenching leading to higher fictive temperature and increased material density. The
lower relative volume corresponds to permanent strain which causes (as direct response)
elastic strain within the laser-modified region as well as in the surrounding. By cleaving
the laser-modified samples the elastic strain relaxes in part. In case of silica an indented
surface topography indicates the anomalous glass density behavior on the fictive tem-
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perature. However, the appearance of nanostructures comes along with a complex stress
distribution most likely due to the assembling of small voids.
Intriguingly, laser-induced nanogratings exhibit extraordinary temperature stability and
only vanish when the temperature reaches the strain point of the glass. Multiple annealing
steps reveal that the induced birefringence is stable up to 850 ◦C. This emphasizes the
potential of nanograting-based wave plates making them interesting for usage under harsh
conditions.
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formation
Since the first discovery of nanogratings in the bulk of transparent materials the underly-
ing formation process is under intense debate and up to now not fully understood. Thus,
in this work several approaches were made to uncover the sequence of grating formation,
alignment and their characteristics. First, this chapter covers the in-situ observation of
nanogratings using a pump-probe approach. Subsequently, the stepwise nanopore forma-
tion, alignment and arrangement in periodic grating planes is studied by combining small-
angle X-ray scattering (SAXS), focused ion beam milling (FIB) and SEM imaging. In the
following, this approach is used to analyze intriguing phenomena such as the rewriting of
an existing nanograting and the transition of bulk nanogratings to laser-induced periodic
surface structures (LIPSS). Thereafter the formation of nanogratings in different glasses is
comprehensively investigated. Finally, the results are summed up to develop a new model
of the nanograting formation.
4.1 In-situ observation of nanograting formation
Diffraction of light provides a noninvasive and simple approach to record the formation
and evolution of nanogratings. In this case, short wavelengths are required due to the
fine periods. To this end, an ultrashort laser source (Smart Light 50, Raydiance) emitting
pulses at a wavelength of λ=1550 nm (pulse duration 800 fs) served to inscribe nanograt-
ings. The long wavelength and correspondingly large grating period (Λ=λ/2n= 538 nm)
facilitate the inspection by diffraction. Figure 4.1 (a) shows the stationary diffraction spot
of nanogratings illuminated by probe light with 473 nm wavelength. Since the nanograt-
ing period is close to the probe wavelength only the first order diffraction signal can be
obtained. However, both images depict the wide first order diffraction signal which is
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higher filling fraction of grating bars (see Section 4.2.5) and based on the reduced period
an increase in the number of grating bars resulting in a stronger diffraction signal.
As shown byMauclair et al. the diffraction signal of nanogratings can be further improved
by using double pulses with short temporal separation below one ps [105]. However, in
this study the diffraction signal was analyzed by inscribing multiple nanograting traces
with large overlap to increase the diffraction efficiency. In contrast, for time-resolved stud-
ies of a single spot X-rays may be better suited since they reveal kinetic information in
the millisecond range as well as structural features statistically averaged over the whole
probe volume [129].
4.2 Stepwise pore formation and alignment
Despite the period of nanogratings can be mapped by diffraction of light within the vi-
sual wavelength range the underlying substructure remains elusive. Actually, this issue
remained unanswered for a long period due to invasive sample preparation techniques
such as polishing and etching erasing fine structural details [53]. First studies in 2008 dis-
covered that nanogratings are composed of self-aligned nanocracks [15]. Subsequently
Lancry et al. reported that nanogratings evolve from nanoplanes into nanocracks with
typical diameters of 20 nm [29] while Raman measurements suggest that these cracks are
filled with oxygen [130]. However, these studies rely on mechanical cleaving and subse-
quent imaging by SEM. While cleaving irrevocably destroys the sample, material within
the voids maybe lost. Moreover, these time-consuming sample preparation and imaging
techniques provide two-dimensional cross sections at arbitrary horizons and can hardly
address the evolution of cracks depending on various laser parameters.
To address these issues small angle X-ray scattering (SAXS) in combination with FIB
milling and subsequent SEM imaging was used in this work. One of the key advantages
of SAXS is to measure the scattering response of particle ensembles without any sample
preparation techniques. Due to the short measurement time needed SAXS is used to map
structural features such as the three-dimensional size, shape and number of nanoscopic
voids in dependence of crucial laser and process parameters while the nanostructures are
still buried within the bulk.
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4.2.1 Experimental approach
For the SAXS measurements non-overlapping traces with a total size of 120 x 200 µm2
where inscribed in the bulk of fused silica. The inscribing wavelength was 515 nm, the
pulse energy 150 nJ, the pulse duration 450 fs and the numerical aperture of the focusing
objective 0.55. The repetition rate was decreased to 10 kHz avoiding heat accumulation
effects. To keep absorption losses of the X-ray beam low the samples where laterally
polished down to a thickness of 300 µm. Care has been taken not to harm the buried
nanograting structures.
The SAXS measurements were performed at the beamline cSAXS of the Swiss Light
Source (PSI Villigen, Ch). Within this setup the nanograting samples were illuminated
with an 11.2 keV X-ray beam (corresponding photon wavelength of 0.11 nm) exhibiting
asymmetric beam shape with dimensions of 30 x 5 µm2. The scattered rays were recorded
by a large direct-converting pixel detector (Pilatus 2M) after the main beam was blocked
(see Fig. 4.3 (a)). The propagation direction of the X-ray beam was either parallel to
the direction of the inscribing laser (z) to obtain (transversal) scattering features (along
x and y direction) or perpendicular to also reveal longitudinal information (along z) of
the induced nanostructures. Moreover, rotation of the sample was done to uncover the
transversal shape of the induced nanostructures [61]. Due to the large sample-detector
distance of 7.2m and the high beam brilliance maximum feature sizes of up to 400 nm
could be resolved. Exposure times of 0.1 s until a few seconds were sufficient in order to
obtain significant scattering signal.
For data analysis the background from the pristine background material was subtracted
before the scattering signal was integrated along the main axis (e.g. x and y) to obtain
the scattered intensity I(q). Figure 4.3 (b) shows an exemplary Kratky plot I(q)·q2 of the
scattering intensity I(q) which qualitatively allows to distinguish multiple size hierarchies
[131]. Along the x-direction (parallel to the polarization of the inscribing laser) a broad
peak indicates nanoscopic sheets while their periodical alignment is indicated by distinct
diffraction peaks (first and second order is visible) in the low-q range. The position of the
diffraction peaks (e.g. first order peak at q0) directly yield the average distance of small
sheets p = 2π/q0. Quantitative information of particular feature sizes is gained by the
unified fit (see Section 3.1.3). Along the x-direction a single size population is sufficient
to represent the scattered intensity in the high-q range. In vertical direction (y) as well as
along the longitudinal direction (z) two size hierarchies have to be assumed. Data analysis
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The exemplary SEM images in Figure 4.4 (b), (c), (e) and (f) confirm that the laser-
induced nanostructures consist of hollow voids (dark regions). Single pulse radiation re-
sults in voids with transversal diameters of about 190 nm as shown in Figure 4.4 (b). The
longitudinal size of several µm, however, is significantly longer which is an artifact of
the milling process due to increased milling rate underneath the void. The real length is
smaller as it will be shown by SAXS and SEM in the following sections. Moreover, the
convex shaped dome in the surrounding of the void (see Fig. 4.4 (b)) points towards a
material densification due to the reduced ablation cross section during the milling pro-
cess. This high-density modification of silica is a result of a laser-driven micro-explosion
leading to material compression in the surrounding of the void [9].
The reconstruction in Figure 4.4 (c) illustrates the void structure when inscribing with two
laser pulses per spot. First a chain of periodic voids elongated perpendicular to the scan-
ning direction appears. Their period of 275 nm corresponds to the spatial pulse distance
(see Fig. 3.6 (d)). Due to the small pulse separation (half spot size) a newly irradiated
laser spot squeezes the previous pore adjacent to it to an elliptical shape. In addition,
a large crack along the scanning direction appears which points to the accumulation of
stress along the scanned path.
After 500 laser pulses a fully established nanograting shows up in Figure 4.4 (e). The
reconstructed sub-volume depicts the regular arrangement of individual nanopores which
link together to form a common grating plane. This coherent alignment is clearly visible in
the z-x-cut of the full reconstructed nanograting volume shown in Figure 4.4 (g). Typical
feature sizes are indicate in the exemplary FIB-SEM image of Figure 4.4 (f) allowing to
compare with the results gained by SAXS.
4.2.3 Evolutionary dynamic of nanopore formation
The formation and assembling of periodical grating bars due to the cumulative action of
several laser pulses is a step-wise process. To map the growth of primary constituents
as well as their collective alignment the onset of structure formation is studied. Here the
laser focus is scanned through the bulk as is standard practice for direct writing while the
spatial pulse overlap is tuned by setting the scan velocity correspondingly. For compar-
ison different laser polarization orientations (0◦, 45◦, 90◦ and 135◦) relative to the scan
direction were studied to disentangle polarization-driven mechanisms from effects due to
the uniaxial scanning direction.
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to the change in etching behavior in contrast to the untreated material. Along the longi-
tudinal direction (z-direction) the voids are elongated about 700 nm, visible by the lateral
displacement that corresponds to a shift in longitudinal position (depth slope 12%). This
is in the range of the Rayleigh length of the laser beam (0.55 µm) and hence follows the
laser intensity distribution as expected from laser-driven micro-explosion theory [9].
By increasing the spatial overlap the voids are still visible in the SEM images but starting
to get deformed perpendicular to the scan direction as shown by the zoom in Figure 4.5
(c) and in the 3D reconstruction in Figure 4.4 (c)/(d). This is accompanied by shear forces
and the appearance of cracks at the tip of the voids. A slight directionality is visible
caused by the writing direction and thus the sequence of fresh to previous voids. Since the
directionality can be obtained for both writing regimes in the same way a polarization-
driven effect can be excluded. The asymmetric voids with sub-wavelength periodicity are
the cause for the two-pulse retardance for almost all writing regimes.
For larger pulse overlap (5 pulses per spot) randomly aligned voids as well cracks along
the scanned path remain. Only after ten laser pulses regularly ordered grating bars appear
for perpendicular writing leading to significant retardance in contrast to all other writing
regimes.
The SAXS measurements give a comprehensive picture for the faster growth when the
polarization is perpendicular to the scanning direction. Figure 4.6 shows the SAXS pat-
terns for parallel, 45◦ tilted and perpendicular writing relative to the scan direction. Single
pulse illumination results in an almost symmetric scattering pattern with periodic modula-
tion of the scattering signal on top. The envelope of the scattering signal is mainly defined
by the form factor of the voids, which, regardless of the inscribing polarization, exhibit
nearly spherical cross section. The periodic modulation stems from the deterministic void
arrangement along the scanned path. For 2 (perpendicular writing) or 3 pulses per spot
(parallel or tilted writing) the SAXS pattern deforms towards a cross-shape. The fringe
spacing of the periodic modulation increases due to smaller spot separation and hence dis-
tance of structural features. Based on the reciprocity of the scattering process elongated
streaks in the SAXS patterns are typically a signature of structures oriented perpendic-
ular to the streak direction. Thus, the cross shape illustrates two populations of cracks
(parallel and perpendicular to the scanning direction) which where found in the SEM
images before. At two pulses the horizontal line of the cross is strongly pronounced for
perpendicular polarization. Hence the early appearance of the cracks along the scanned
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4.2.4 Influence of relevant laser parameters
The sequential formation mechanism of nanogratings occurs in general in the same way
when varying basic laser parameters. However, principle characteristics of the induced
nanostructures such as period or thickness of the induced nanopores might significantly
change. For the sake of clarity a simplified overview on the changes of optical retardance,
Porod invariant, pore distance (period) and pore thickness is given by Table 4.1.
First, the measured Porod invariant always coincides with the optical retardance indicating
a link between macroscopical birefringence and microscopical properties in terms of the
number of induced nanostructures. This reflects that the small voids constitute the primary
component of nanogratings.
Tab. 4.1: Nanograting properties measured by optical retardance, SEM and SAXS in dependence
of the laser pulse number per spot (NP), pulse energy (EP), pulse duration (τP) and
repetition rate (R).
Laser parameter Retardance Porod invariant Period Pore thickness
NP (10 - 103) ↑ ↑ ↓ const.
EP (50 - 200 nJ) ↑ ↑ ↓ const.
τP (0.4 - 2 ps) ↓ ↓ const. ↑
R (0.01 - 1MHz) ↓ ↓ const. ↓
An intuitive picture for this link can be given when increasing the laser pulse energy
from 50 to 200 nJ. This leads to a larger modification zone with more grating planes and
consequently a larger amount of pores, which cause increased birefringence (see e.g. Fig.
3.8). Similar to the dependence on the pulse number the period decreases slightly [98, 61]
while the thickness of pores remains constant.
When increasing the laser pulse duration from 0.4 until 2 ps the pore thickness increases
from about 32 ± 8 nm to 66 ± 4 nm. Larger feature sizes at higher pulse duration can be
obtained in the SEM images of Figure 3.9 (b) as well although care has to be taken evalu-
ating absolute feature sizes due to the preceding etching process. The larger pore thickness
might be a hint for the underlying process of pore growth. For larger pulse duration the
intensity (and electron density) decreases while the material is heated more efficient when
the pulse duration exceeds 1 ps [50]. This might impede the growth of highly anisotropic
pores. In addition, the coherent assembling of grating planes is prohibited illustrated by
larger irregularity of grating planes shown in Figure 3.9 (b). Another consequence of the
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smaller pulse intensity is the shrinkage of the overall modification zone (see Fig. 3.9).
Thus, although the period remains constant and the filling ratio (ratio between pore thick-
ness and period) increases lower retardance is measured.
Moreover, the influence of thermal effects on the microscopical structure is depicted by
increasing laser repetition rate from 0.01 to 1MHz. Again, the optical retardance and the
invariant decreases. However, increasing temperatures and subsequent higher viscosity of
the glass within the focal region results in decreasing feature sizes from 36 ± 4 nm to 26
± 3 nm [136].
4.2.5 4-phase model
Combining the results of the SAXS, FIB-SEM and retardance measurements a detailed
picture of the primary constituents of nanogratings, their growth and periodic assembling
can be developed. The stepwise evolution as function of the number of laser pulses can
be described in 4 individual phases (see Fig. 4.10).
1. Single pulse irradiation, i.e. illuminating with spatially isolated laser pulses, results
in isotropic cylindrical voids. Their dimensions are determined by the laser intensity
distribution within the focal region. No preexisting defects (seeds) are needed while
the formation of these voids is intrinsically deterministic.
2. When scanning the laser focus through the glass increasing pulse overlap (lower
scan velocity) first leads to flattening of these voids perpendicular to the scanning
direction triggered by the laser-induced micro-explosion (see [9]) of the subse-
quent laser pulse. The voids are surrounded by a shell of densified material while
the closely arranged irradiation spots promote the accumulation of stress. Conse-
quently, when increasing the pulse overlap further, cracks along the scanned path
appear.
3. These cracks as well as randomly aligned voids nucleate the formation of anisotropic
pores which grow to a size of about (200 x 30 x 300) nm3. This growth is mediated
by a feedback mechanism from pulse to pulse firstly driven by field enhancement
perpendicular to the laser polarization [15] mediated by localized defect formation
(bond breaking and oxygen migration) [95] reducing the ionization cross section
for the subsequent laser pulse [24]. However, symmetry breaking between polar-
ization parallel and perpendicular to the scanning direction is observed since the
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that this oxygen is captured within the small pores - the primary constituents of nanograt-
ings.
The stepwise evolution of nanostructures directly links the formation of voids, typically
obtained when using large pulse energies in single shot experiments, with the forma-
tion of nanogratings. Hence for glasses where void formation is hardly obtained, such as
borosilicate [138], also nanograting formation is hindered [61]. This means that thermo-
mechanical properties such as viscosity or Young’s modulus influence the formation of
nanogratings and not only single pulse voids [9]. A more detailed view of the dependence
of nanostructure formation on the material composition will be given in Section 4.5. In
addition, when scanning the laser focus through the bulk, directional crack formation me-
diates the formation of anisotropic pores. In contrast, when inscribing point-wise (see e.g.
the in-situ measurements in Section 4.1) or with spatially uncorrelated spots (see Fig. 3.7)
the formation is strongly delayed due to the absence of seeds.
Additionally, the results give prospects for functionalized photonic devices. As shown be-
fore, by tailored scanning of the focus through the glass, spherical voids are deformed
perpendicular to the scanning direction. Due to the sub-wavelength periodicity and aniso-
tropic shape birefringence is induced which could be optimized by adapted process pa-
rameters.
4.3 Rewriting of laser-induced nanostructures
The local inscription of strong birefringence within an otherwise isotropic host material
offers broad potential for manifold applications. Even more, in 2007 it has been demon-
strated that an existing nanograting can be erased and newly arranged by inscribing again
at the same position with differently oriented laser polarization [20]. This is in particular
interesting for data storage purposes [67] since imprinted information (data voxels) can be
easily corrected or updated as needed. To uncover the formation of rewritten nanograting
structures SAXS, SEM and optical retardance was utilized.
Within this experiments laser pulses with a pulse duration of 450 fs (laser wavelength of
515 nm), a pulse energy of 150 nJ at a pulse repetition rate of 500 kHz served to induce
consecutive nanograting traces in fused silica. The pulses were focused in shallow mate-
rial depths using an aspheric lens (New Focus 5722) with a numerical aperture of 0.55.
The distance of adjacent traces was 0.5 µm covering an area of (100 x 100) µm2. To an-
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ber of rewrites most likely as a result of an increasing number of inhomogeneities that
trigger a pronounced seeding of pores [77]. In contrast, the diffraction intensity does not
overlap as the retardance does. Due to a more perturbed glass with more disordered pores
the regularity of the final nanograting is disturbed. On the contrary optical retardance is
more related to the absolute number and elongation of pores, which is pronounced by
repeated rewriting.
In summary, rewriting illustrates the strong action of the polarization driven feedback
mechanism that even allows for the formation of a regular nanograting emerging from
a strongly disturbed glass morphology. In this regard, the underlying grating formation
including the growth of anisotropic pores, their alignment and period reduction occurs in
the same way for numerous rewrite steps. The final birefringence of the rewritten grating
(after 1000 pulses), however, increases with multiple rewrites. Thus, for applications such
as nanograting-based encoding (e.g. for data storage applications) an intermediate regime
of pulses incident is beneficial to avoid a drift in birefringence during multiple rewrites.
The degradation of grating quality, in contrast, might lead to ambiguity of data bits after
numerous rewrites.
4.4 Relation to periodic surface ripples
In contrast to bulk nanogratings, laser-induced periodic surface structures (LIPSS) are
well known since the 1960s [13] and can be induced using cw or pulsed laser irradia-
tion [74]. Typically two different periodicities with periods in the range of the inscription
wavelength (coarse ripples or low spatial frequency (LSF) LIPSS) or below (fine ripples or
high spatial frequency (HSF) LIPSS) are distinguished. While fine ripples are most promi-
nent at the surface of transparent materials their alignment can be parallel [139, 140] or
perpendicular [141, 142] to the polarization of the inscription laser.
To compare the formation of ripples and nanogratings SEM images of laser inscribed
traces at the surface of silica were acquired. For inscription laser pulses with a pulse
duration of 450 fs (wavelength of 515 nm), a pulse energy of 100 nJ at a repetition rate
of 100 kHz were focused with an NA of 0.55 (magnification 40x) on the surface. Subse-
quently the samples were etched using the same etching parameter as for the bulk gratings:
90 s in 1% hydrofluoric acid at room temperature.
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close to the beam stop). The peak position corresponds to a mean period of (130 ± 5) nm.
Contrary to this, diffraction peaks are hardly visible in the scattering pattern of nanograt-
ings while the grating planes itself are well aligned as the anisotropic streak indicates.
However, the low pulse energy is close to the nanograting threshold in the bulk resulting
in a low number of coherently ordered grating planes (see e.g. Fig. 3.8 (a)) which in turn
prohibit strong diffraction.
While the differences in grating quality may be due to the smaller modification thresh-
old at the surface of about one order of magnitude [147, 46, 148], the results indicate
similarities in the morphology and evolution of periodic structures within the bulk and
at the surface of silica. In agreement with bulk nanogratings the formation of fine rip-
ples is typically ascribed to the nanoplasmonic theory [149, 74]. However, the deviation
of the measured ripple period from the proposed value of λ/2n found here and by other
groups [143, 150] suggests to refine theoretical considerations. A recent publication links
the formation of fine ripples to the coherent superposition between the scattered near field
(evanescent field) and the refracted field provoking the initial energy absorption while the
subsequent growth of ripples is triggered by a feedback-driven evolution of the surface
topography [151]. By involving similar physics such as interference between incident and
scattered waves together with an increase in number of laser-induced inhomogeneities
from pulse to pulse an explanation for the continuous reduction of the period of volume
nanogratings was proposed lately [77].
4.5 Nanostructures in different glasses
Since the first discovery of nanogratings most studies were performed in fused silica
where the underlying nanograting structure was obtained first [12]. Only a few report
on nanogratings in different materials such as doped silica [152] or even crystals [153].
Recently also nanogratings in semiconductors with indirect bandgap [154, 155] were ob-
served.
To gain a deeper insight in the formation of nanogratings in dependence of the material
composition at first common glasses such as ULE (Corning), which is silica glass with
a fraction of TiO2 providing a low thermal expansion, and the borosilicate glasses BK7
(Schott) and Borofloat 33 (Schott) are studied. Subsequently, the nanostructure emergence
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and characteristics in doped glass samples with stepwise increasing doping percentage are
investigated.
4.5.1 Common glasses
When the material composition changes both the different electronic recombination times
as well as thermal properties of the glass may influence the principal formation thresh-
old as well as the characteristics of nanostructures. Thus various glasses were illuminated
with pulses of different pulse duration provided by a tunable laser oscillator (Femtosource
XL 500, Femtolasers GmbH) emitting pulses at a laser wavelength of 800 nm. An aspheric
lens (Thorlabs C230 TME-B, NA - 0.55) served to focus the pulses in the bulk using a
pulse energy of 400 nJ and a pulse repetition rate of 100 kHz. The speed of the sample
movement was 1.7mm/s and the beam spot size 1.3 µm resulting in an overlap of about
800 pulses per spot. By tuning the position of the compressor prisms, the pulse dura-
tion was varied from 50 fs up to 450 fs which has been confirmed by FROG (Grenouille,
Swamp Optics) measurements.
The measured optical retardance (at 633 nm) together with the standard deviation gained
by repeated writing with the same laser parameters is shown in Figure 4.15 (a). In contrast
to the increasing retardance for fused silica, ULE shows only a weak dependence on the
pulse duration. When the pulse duration is larger than 150 fs almost the same retardance is
measured for ULE and pristine silica. However, the borosilicate glasses (BK7, Borofloat
33) show significantly smaller birefringence. Both exhibit their maximum birefringence
between 120 fs and 200 fs.
An explanation for the about 10 times smaller birefringence is given by the SEM images
after polishing and etching in Figure 4.15 (b) and (c). The nanograting in ULE (pulse en-
ergy 200 nJ, pulse duration 120 fs) is characterized by regular and well established grating
planes with a period of about 250 nm matching the prediction by the nanoplasmonic the-
ory of 270 nm (n=1.48). In contrast, the period in Borofloat 33 is only about 60 nm while
the grating planes are quite thin and barely established. This results in a reduced filling
fraction between the grating planes and the surrounding material which, together with the
reduced period explains the small retardance. In addition, the reduced presence of color
centers [156] might impede the feedback process during the inscription.
When changing the material composition the different thermal properties are expected to
change the nanostructure formation in dependence of the temporal pulse sequence. For
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similar to fused silica. In contrast, the actual size of pores of about (10-20) nm and lengths
up to 400 nm differs. In addition, the different characteristics of the glass such as the
lower viscosity and hence weaker contraction during cooling impedes the decomposition
into a porous structure. Thus the less pores and smaller filling fraction of the grating
planes result in strongly reduced birefringence in contrast to fused silica. Remarkably, the
laser-induced nanograting exhibits a strongly reduced periodicity in the range of 55 nm
(λ/10n) that coexists with the predicted period of λ/2n within a certain laser parameter
regime. The appearance of the small period is linked to intrinsic inhomogeneities within
the glass matrix. This is a hint for the proposed connection between inhomogeneities and
the feedback process [77].
4.5.3 Nanostructure formation in ULE glass
In contrast to borosilicate ULE is a binary glass that consists of SiO2 with a TiO2 fraction
of about 7.5wt% resulting in a thermal expansion coefficient close to zero in a temperature
range from 5-35 ◦C [161]. Due to this property ULE has become an interesting material
for applications where ultra-high geometrical stability is needed during operation such
as substrates, supports or blanks. Moreover when processing ULE with ultrashort laser
pulses strong form-birefringence as well as darkening, i.e. an increased absorption over
the entire visual spectral range is obtained [162]. The latter is due to a photo-reduction of
TiO2 agents while the level of darkening can be set by tuning the laser parameters making
ULE an interesting material for data storage purposes.
To explore the differences of nanostructure formation and their characteristics fields of
(100 x 100) µm2 were inscribed using a laser wavelength of 515 nm, a pulse duration of
450 fs, a repetition rate of 500 kHz and a focusing objective with a numerical aperture
of 0.55. Figure 4.21 (a) shows the measured retardance comparing with nanogratings
inscribed with the same laser parameters in fused silica.
Analogue to silica the retardance increases with the laser pulse energy. Comparing the
influence of the number of pulses applied the birefringence grows in a logarithmic fashion
but with a steeper slope which might be due to a change in the underlying grating structure
during the cumulative action of several laser pulses.
Having a closer look to the microscopic properties, the induced nanogratings show similar
characteristics as fused silica. Figure 4.21 (b) shows the thickness of pores as well as their
mean distance (period) measured by SAXS. The measurements confirm that the nanograt-
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4.5.4 Glass density behavior on fictive temperature
The previous results of nanogratings in ULE or borosilicate demonstrate that the forma-
tion of anisotropic pores as well as their alignment depends on glass structural properties
(e.g. intrinsic inhomogeneities), defect-assisted absorption as well as thermomechanical
properties such as the viscosity or Young’s modulus of the glass. In addition, the particu-
lar effect of the thermomechanical properties on the imprinted grating structure may also
be influenced by the structural relaxation of the glass in terms of the glass density behav-
ior on the fictive temperature (T f ) [95]. As shown in Figure 2.1 rapid cooling may result
in strongly different glass density behavior in contrast to the unmodified material (e.g.
in the surrounding of the laser focus). In case of silica the increase in material density
is accompanied by tensile stress which was assumed to cause the formation of micro-
scopic pores [21, 40]. Thus, to determine the influence of the glass density behavior on
the fictive temperature on the induced nanostructure, laser-irradiated silica glasses with
stepwise increasing germanium percentage (each exhibiting different expansion behav-
ior) were studied.
To this end, several kinds of germanium-doped silica glass samples (xGeO2-(1-x)SiO2, x
denotes the GeO2 content) were produced by Chemical Vapor Deposition (PCVD) with
different doping percentage varying from 2.2, 5.3, 12.5, to 19wt.% of germanium. These
samples are optical fiber preforms with standard compositions typically used for optical
fiber applications, i.e. photosensitive optical fibers for gain flattening, highly doped mul-
timode fibers, dispersion compensation or Bragg filters. Their density dependence on T f
has been reported in [40]. While pristine silica and 2.2wt.% Ge-doped silica follow an
anomalous trend, a fraction of 5.3wt.% or higher leads to normal behavior, i.e. higher
density with lower fictive temperature. After cutting and polishing the glass samples mul-
tiple lines with a distance of 3 µm were inscribed using pulses with a duration of 450 fs
(laser wavelength of 515 nm), a pulse energy of 150 nJ and a focusing objective with a nu-
merical aperture of 0.55. The photo-induced birefringence in dependence of the repetition
rate and pulse number is shown in Figure 4.23.
When increasing the repetition rate and keeping the number of pulses per spot constant
at 103, the retardance continuously decreases due to heat accumulation. Comparing dif-
ferent doping concentrations the relative retardance decay increases with the germanium
content leading to smaller birefringence at 1MHz for higher doping. Presumably this is
due to increasing glass density from 2200 kg/m3 for pure silica to 2450 kg/m3 for 19wt.%
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distribution, while at low concentration a second size is needed for quantitative fits (see
Fig. 4.24 (a)). This points to a more dense grating structure with large pores resulting in
higher form-birefringence.
In summary, when increasing the germanium doping concentration a modified pore mor-
phology with larger aspect ratio and a stronger decomposition of the glass under laser-
irradiation is obtained. The change in glass density behavior on the fictive temperature
is associated with the different doping concentrations does not change the nanostruc-
ture occurrence in a general term. This is confirmed by the emergence of nanogratings
in Borofloat 33 which exhibits normal behavior as well. Correspondingly the nanopores
may form and grow (as obtained in Chapter 4) on shorter timescales as the heating and
quenching of the lattice [8, 52]. The rapid ionization is accompanied by bond breaking
and dissociation of silica and the formation of molecular oxygen as measured in Section
3.3. As a result the refractive index decreases which can be interpreted as irreversible vol-
ume expansion leading to a rarefied glass matrix. Due to the opposite response of elastic
strain compressive stress in the focal volume is generated.
Another scenario that results in a refractive index decrease may be that the matter in be-
tween the nanopores is composed of silica with a significant amount of Frenkel oxygen
defects Ox0 → V
2+
0 + O
2−
i
(a vacancy and an interstitial oxygen). This process is assumed
to be enhanced in Ge-doped silica since it is much easier to induce these defect centers
during reduction. In order to confirm their occurrence optical absorbance UV-Vis spec-
troscopy is used.
Figure 4.25 shows the recorded absorbance spectra (log(1/T), where T denotes the trans-
mission) from 190 nm to 2000 nm after subtracting the background from the pristine host
material. After irradiation the signature of different point type defects dominate the spec-
tra [33]. The spectrum of modified silica shows distinct bands which can be attributed
to SiE’- centers and NBOHC‘s as obtained in Figure 3.10 (a). However, by increasing
the doping concentration silicon is replaced by germanium acting as a glass former in
the network. Consequently, laser-irradiation leads to bond breaking of GeO4 tetrahedrons
resulting in point defects analogue to pristine silica but with slightly different characteris-
tics.
Most obviously a band due to Ge-ODC(II) (oxygen deficiency center) around 5 eV (240 nm)
[165] adds to the spectrum of modified silica. In contrast, the peak at 6.3 eV (196 nm)
which is due to GeE’- centers can hardly be resolved because of the increasing absorbance
in the VUV range that is close to the band edge. By increasing the doping concentration
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4.6 New model of nanograting formation
To summarize, the formation of nanogratings is a step-wise process from pulse to pulse
while the particular laser-driven excitation as well as the subsequent evolution resulting
in permanent material modifications are equally important. Combining SAXS, FIB-SEM
and optical retardance measurements uncover that nanogratings consist of sheet-like cav-
ities which form, increase in number and assemble in regular grating bars during ongoing
illumination. The sequential formation mechanism of nanogratings can be described by
four distinct phases.
1. Focused single ultrashort laser pulses result in isotropic cylindrical voids which
emerge entirely deterministic without the need for preexisting seeds or material
inhomogeneities. Their shape and size is given by the laser intensity distribution.
However, thermomechanical properties such as viscosity and Young’s modulus of
the glass influence the occurrence as reported by Gamaly et al. [9]. Thus, for glasses
where void formation is hardly obtained, such as borosilicate [138], also nanograt-
ing formation is hindered [61].
2. With ongoing irradiation repeated heating and quenching of the glass as well as
material deformation due to laser-induced micro-explosions occurs. As a result ran-
domly aligned inhomogeneities embedded in a modified glass matrix (e.g. densified
in case of fused silica) form.
3. These inhomogeneities allow to nucleate the formation of small anisotropic pores
which grow to a size of about (200 x 30 x 300) nm3 in fused silica. The growth
is driven by field enhancement perpendicular to the laser polarization mediated by
defect formation reducing the ionization threshold from pulse to pulse [15, 95, 24].
The polarization-driven feedback is quite strong and even allows for inscribing a
new grating over an already existing nanograting.
4. After a multitude of anisotropic pores have formed these align exactly perpendicular
to the polarization direction and strongly increase in number. This process is most
likely driven by a cavity-like amplification process as suggested in [73, 15]. Based
on repeated heating and quenching a more porous glass is formed. The continuous
reduction of the period (even below λ/2n) occurs due to alternative effects such
as the coherent superposition of the scattered field from existing grating planes
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which may lead to the emergence of a new grating plane in between [96]. Hence
the average distance of grating planes continuously decreases. A higher number
of pores and thus a larger filling fraction of grating planes favor this process due
to pronounced scattering leading to smaller periods. This is confirmed by repeated
rewriting of nanogratings. Since rewriting is no ideal process remaining pores or
glass inhomogeneities add with increasing number of rewrites resulting in smaller
periods. In addition, the glass ability to decompose regulates the speed of the period
reduction as observed for nanogratings in ULE and germanium doped glasses.
The formation sequence is basically independent of the inscription regime (e.g. point-
wise or scanning the laser focus) following the same path from stress-driven (phase 1
and 2) to polarization-driven (phase 3 and 4). However, when scanning the laser focus
through the glass less pulses are required to form a regular nanograting in contrast to
point-wise inscription. During phase 2 stress along the scanned path increases leading to
the formation of cracks. These cracks favor the formation of anisotropic pores in particular
when the polarization is perpendicular to the scanning direction resulting in increased
retardance in contrast to all other polarization directions. Thus, for point-wise inscription
more pulses are required to form a regular nanograting due to the absence of seeds (no
elongated cracks appear) which is confirmed by the in-situ measurements of the optical
diffraction.
Nanogratings induced by ultrashort laser pulses can be induced in various glasses ranging
from multicomponent glasses such as Borofloat 33 up to silica glasses, pristine or doped
with germanium or titanium. In all of the investigated glasses a porous nanostructure
builds the primary constituents of nanogratings independent of the glass density behavior
on the fictive temperature. First, this confirms that nanogratings are no special feature
of fused silica. Moreover, the grating formation occurs analogue to pristine silica via
increasing number of pores while the size of the pores (after their initial formation) barely
changes during illumination.
Basic glass properties, however, were found to influence both the formation threshold as
well as the microscopic features of the induced nanopore morphology and thus the macro-
scopical birefringence. Thermomechanical properties (thermal conductivity, glass density
and heat capacity) define the threshold for heat accumulation and so the upper threshold
for nanograting formation in dependence of the laser repetition rate. The actual size of
pores as well as their number is influenced by the glass viscosity and mechanical proper-
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ties (e.g. shear modulus [136]) defining the glass ability to decompose. This explains in
part the significantly reduced retardance in Borofloat 33. The absorption of the individual
laser pulses leads to rapid ionization and bond breaking defects which in turn mediate the
formation of the grating via ongoing decomposition. Thus, a lower nanograting threshold
(as it is the case for Ge-doped silica) or the photo-reduction of titanium agents (ULE) can
support the formation of a more porous glass structure and hence a faster reduction of the
period even below λ/2n.
Intriguingly, given a glass structure with a certain amount of inhomogeneities the average
distance of the nanopores induced by ultrashort laser pulses may strongly change as ob-
served for Borofloat 33 in this work and proposed in [77]. This agrees with observations
of rewritten nanogratings in fused silica where remaining pores or glass inhomogeneities
promote the nanograting formation and facilitates smaller periods after multiple rewrites.
In addition, this proves the formation of feature sizes far below the wavelength of light
and opens the door for vast (rewritable) photonic applications by tailoring the underlying
grating characteristics and thus the optical response.
The formation of the pores themselves, however, is not fully understood yet and may
happen via two scenarios. First, the decomposition of the glass under ultrashort laser irra-
diation may occur due to Coulombian nano-explosion [8]. This is based on the migration
of oxygen due to Coulomb forces between highly ionized oxygen ions leading to fast
volume expansion creating the pores [95]. However, the observation of nanogratings in
normal glasses presumes that the process of oxygen migration is faster than the volume
expansion of the glass given by the glass density behavior on the fictive temperature. The
in-situ measurements of the optical diffraction give a hint for this revealing that the im-
printing of the grating structure occurs on short temporal time scales below a few µs after
the laser pulse was incident. An alternative approach describes the reduced density of the
solid due to a laser-induced reduction of the average number of oxygen in the first sil-
icon coordination shell [40]. To satisfy the lower coordination of silicon a porous glass
structure forms even for glasses with normal glass density behavior on the fictive tempera-
ture. To obtain a deeper insight in the temporal sequence of pore formation, time-resolved
measurements (within the X-ray regime) could be used to gain kinetic and structural in-
formation of the probed particle ensemble.
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The local inscription of strong-form birefringence based on an anisotropic structure with
feature sizes smaller than the wavelength of light opens up manifold prospects for tai-
lored photonic functionalities. In particular, the direct writing approach together with the
fact that basic grating properties such as the refractive index contrast (filling factor of the
grating planes) or the period can be set by the laser parameters allow for implementing
wave plates for almost arbitrary polarization manipulation, rewritable optical data storage
devices or applications in the broad field of microfluidics just to name a few. Moreover,
by combining with isotropic refractive index changes waveguide-based guiding and ma-
nipulation of light allows for complex photonic networks within one single glass chip.
This chapter first addresses the inscription of wave plates for polarization manipulation
and the generation of optical vortices. Subsequently, applications in the field of structured
illumination microscopy using polarization encoded lighting are presented.
5.1 Wave plates for polarization control
Starting with a simple approach, the laser-induced form-birefringence can be used for
controlling the state of polarization when matching the induced optical retardance with
respect to (e.g. the quarter or half of) the wavelength the wave plate is desired for. In this
regard the spatially homogeneous polarization state of the input beam can be transferred
to e.g. circular or (rotated) linear polarization depending on the input polarization [16]. In
addition, achromatic wave plates can be fabricated by stacking of individual nanograting
layers [166] which could enable broad band applications such as imaging at multiple
wavelengths in the field of biomedicine [167].
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Beyond wave plates with a fixed optical axis, sub-wavelength structures can be used for
the transformation of incident linear or circular polarized light into radial or azimuthal
polarization [168]. Radial polarization, for instance, provides a smaller transverse focal
diameter (0.16λ2) in contrast to linear (0.26λ2) or circular polarization (0.22λ2) [169, 170]
enabling various applications in the field of microscopy [171, 172]. These so-called vector
beams show polarization symmetry to the optical axis and exhibit a helical phase front re-
sulting in a phase singularity on the axis. Thus, destructively interfering light components
generate a dark central spot.
While first ideas for fabricating these sub-wavelength structures were based on metal-
stripe gratings the basic concept can be applied to a special arrangement of nanogratings
[66, 173]. In principle two types of polarization converters can be fabricated (see Fig.
5.1) depending on the the input polarization (circular (quarter-wave plate) or linear (half-
wave plate), see Fig. 5.1 (a)). The quarter-wave plate transforms an incoming circularly
polarized beam into a radially or azimuthally polarized optical vortex with orbital angular
momentum (OAM) l=±2 [66]. In contrast, the half-wave plate generates either pure radial
or azimuthal polarization (without OAM) for linear input polarization or an optical vortex
(with OAM of l=±1) when illuminating with circular polarized light.
For the inscription of the quarter-wave plate the laser focus was scanned through the glass
(line separation 0.4 µm) while the sample was rotated and simultaneously translated with
a constant translation speed resulting in a spiral arrangement of the nanograting planes.
The nanogratings were inscribed using a laser wavelength of 515 nm, a repetition rate of
500 kHz, a pulse energy of 150 nJ and an aspheric lens with a NA of 0.4. To keep the pulse
overlap constant (translation velocity of 1.7mm/s, 500 pulses per spot) the rotation speed
needs to decrease, the larger the distance from the center becomes. Due to the limitations
of the rotation axis this results in a small region with weak retardance in the center of the
wave plate as Figure 5.1 (b) shows. However, this approach provides a fast and reliable
way instead of point-wise inscription [17] resulting in a high beam quality.
The measured slow axis distribution is illustrated in Figure 5.1 (c) and indicates the spa-
tially varying nanograting orientation. In addition, the SEM image after polishing and
etching (see Fig. 5.1 (d)) of a wave plate inscribed with a repetition rate of 1MHz, a pulse
energy of 170 nJ, a line separation of 0.2 µm in combination with an aspheric lens with
NA of 0.55 (otherwise same laser parameter as before) reveals an intriguing feature of
nanogratings. Based on the spatial pulse overlap of about 67% the grating planes contin-
uously bend due to the varying polarization direction. These small and smoothly bended
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ization state from circular to linear but with spatially dependent orientation of the linear
polarization (see inset in Fig. 5.3 (a)). This is realized by setting the slow axis orientation
of the nanogratings correspondingly. Laser inscription was done using a wavelength of
515 nm, a laser repetition rate of 1MHz, a pulse energy of 170 nJ, a line separation of
0.2 µm and a speed of the sample movement of 1.7 mm
s
. The change of the nanograting
orientation was 0.5 degree per line. Figure 5.3 (a) shows a SEM image of an inscribed
wave plate after polishing and etching. The smooth bending of the grating planes with-
out the indication of individual scans confirms the continuous and coherent alignment
corresponding to the previously imprinted structure.
This periodically modulated direction of the incident polarization pattern is imaged in
the back-focal plane of the microscope objective. While the polarization pattern is only
present in the focal plane its contrast vanishes in the out-of-focus region. Thus, only the
polarization in the focal region is effectively modulated. Subsequently, the back reflected
light is transmitted through a 3-way beam splitter followed by differently aligned analyz-
ers generating 3 individual pictures. These pictures are used for reconstruction to generate
an optically sectioned image with suppressed out-of-focus blur.
This concept was used to image a ceramic chip sample with height differences of about
6 µm (see Fig. 5.3 (b)). Compared to the wide-field image the reconstructed picoSIM
image exhibits strongly reduced out-of-focus blur and improved lateral resolution. In ad-
dition, due to the single exposure within 1ms fast mechanical or biological processes such
as cellular movement could be investigated by this technique. Moreover, also incoherent
light can be used for illumination extending the application range of picoSIM [178].
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The functionalization of glasses in order to make use of their outstanding optical, chemical
and mechanical properties was revolutionized by the development of ultrashort pulse laser
systems. In this framework manifold solutions e.g. in the field of laser bonding, deep hole
drilling or laser cutting with extraordinary precision came up during recent years. One of
the key aspects of ultrashort laser processing is the localized interaction within the bulk
of transparent materials based on nonlinear absorption mechanisms [1, 2].
Fused silica with its simple composition and well-known characteristics served as ma-
terial of choice to study the basic types of modifications induced by focused ultrashort
laser pulses. Most intriguingly highly anisotropic structures with feature sizes far below
the wavelength of light can be induced in an otherwise isotropic host material. These so-
called nanogratings form during the cumulative action of several hundreds of laser pulses
and always align perpendicular to the laser polarization [12, 15, 16]. Known for their
tremendous form-birefringence the formation process of the imprinted sub-wavelength
grating is still elusive in particular due to the short timescales, complex physical mech-
anisms involved as well as the buried absorption volume. In particular, it was not clear
whether nanogratings consist of a merely continuous change of the material density or
microscopic voids that arrange in periodic grating bars [53, 130]. Moreover, nanograt-
ings were found in diverse glasses [152], crystals [153] and recently even in the bulk of
semiconductors [155] indicating that a general mechanism dictates their formation.
Within the frame of this thesis, the primary characteristics of nanogratings, their stepwise
formation sequence and their material composition dependence were investigated. The
results presented give novel insights in the complex interaction process during the rapid
ionization, defect formation, carrier relaxation and resulting material modification.
First, nanogratings in fused silica were studied. These require a certain laser pulse over-
lap while the pulse number per laser spot denotes the key parameter for the step-wise
formation sequence. In contrast, basic laser pulse parameters such as the pulse duration,
energy and focusing define the laser pulse intensity and so the formation threshold. The
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nanostructure inscription is accompanied by bond breaking of the silica matrix and related
bond-type defects (NBOHCs, E’ centers) that mediate the feedback process reducing the
ionization threshold from pulse to pulse [15, 95, 24]. As a result of the bond breaking
molecular oxygen forms that is kept in microscopic pores. Moreover, the nanostructure
is embedded in densified glass which is a result of the rapid heating and quenching lead-
ing to higher fictive temperature and increased material density. The lower relative volume
corresponds to permanent strain which causes (as direct response) elastic strain within the
laser-modified region as well as in the surrounding. As confirmed by wide-angle X-ray
scattering the modified region exhibits tensile strain that scales with the laser repetition
rate. When cleaving the sample the elastic strain relaxes in part resulting in a bimodal
surface deformation that indicates a complex stress distribution due to the laser-induced
nanostructure.
Combining small-angle X-ray scattering, FIB-SEM imaging and optical retardance mea-
surements reveal that nanogratings consist of sheet-like cavities which form and assemble
in regular grating bars during the action of multiple laser pulses. The formation of these
pores, the increase in number and alignment could be imaged and systematically stud-
ied for the first time. This mechanism was found to occur within 4 distinct phases from
stress-driven (phase 1 and 2) to polarization-driven (phase 3 and 4):
Focused single ultrashort laser pulses result in isotropic cylindrical voids which emerge
entirely deterministic without the need for preexisting seeds (phase 1). Increasing pulse
overlap leads to the deformation of these voids and the formation of randomly aligned
inhomogeneities (phase 2). For ongoing irradiation these inhomogeneities nucleate the
formation of anisotropic pores driven by field enhancement perpendicular to the laser
polarization mediated by defect-assisted ionization from pulse to pulse (phase 3). When
a multitude of anisotropic pores have formed these align exactly perpendicular to the
polarization direction and their number strongly increases forming a more porous glass
(phase 4). While in the first place the alignment of pores might be driven by a cavity-
like amplification process as suggested in [15, 24] alternative effects such as the coherent
superposition of the scattered field at nanoscopic pores could promote the formation of
new grating planes and so dictate the continuous reduction of the period even below λ/2n
[96]. Thus, pronounced scattering due to a higher number of anisotropic pores (filling
fraction of grating planes) facilitates smaller periods as observed for repeated rewriting of
nanogratings.
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The findings explain several aspects associated with nanogratings. First, nanogratings
consist of hollow pores which link together forming regular grating planes. Thus, based
on the large index contrast between the pores and the surrounding glass strong form-
birefringence is induced despite the small feature size of the modification. Given that the
grating is composed of hollow voids explains the highly anisotropic etch rate with respect
to the polarization direction [26]. Moreover, the nanostructure formation is directly linked
to the formation of voids induced by single ultrashort laser pulses. Thus, for glasses where
void formation is hardly obtained (e.g. borosilicate [138]) also nanograting formation is
hindered [61]. In addition, when scanning the laser focus through the glass less pulses are
needed to form a regular nanograting due to the formation of cracks along the scanned
path. These cracks promote the growth of anisotropic pores in particular when the po-
larization is perpendicular to the scanning direction resulting in pronounced retardance
compared with all other polarization directions. Consequently, when using point-wise in-
scription the formation of nanogratings is strongly delayed due to the absence of seeds
(cracks along the scanned path) which is proven by in-situ measurements of the optical
diffraction. In addition, the process of period reduction due to influence of the scattered
field resembles recent theoretical studies on the formation of laser-induced periodic sur-
face structures (LIPSS) [151] which could explain the fine periods of LIPSS found in this
work.
Nanogratings can be induced in the bulk of different glasses. The results reveal that
nanogratings are no special feature of silica and are not linked to the anomalous glass
density dependence on the fictive temperature. The formation sequence in doped silica
glasses (ULE or germanium doped silica) as well as in Borofloat 33 occurs (as found be-
fore) via pore formation, subsequent increase in number of pores and alignment of those.
Basic thermomechanical properties of the glass dictate its ability to decompose and thus
define the formation threshold of nanogratings but also influence the microscopic fea-
tures of the induced nanopores such as their thickness. A pronounced decomposition of
the glass, e.g. due to a lower modification threshold can support the grating formation
which is linked to the reduction of the period. In addition, the analysis of nanogratings in
Borofloat 33 reveal that given a glass structure with a certain amount of inhomogeneities
the average distance of nanopores may strongly change in agreement to recent theoreti-
cal studies [77]. For the first time a reduced periodicity of nanogratings down to 60 nm
(≈ λ/10n) was found highlighting the ability for vast photonic applications based on tai-
loring the underlying grating characteristics and so the optical response.
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6 Conclusion and Outlook
Intriguingly, nanogratings can be rewritten, i.e. an existing nanograting is erased and
newly arranged by inscribing again at the same position with differently oriented laser
polarization which was comprehensively investigated here, too. The results show that the
grating formation basically occurs in the same way for multiple rewrite steps. Repeated
heating and quenching during the individual rewrite steps promotes the decomposition in
a porous glass resulting in larger birefringence for high pulse overlap. Despite the grating
quality may degrade during multiple rewrite steps it allows for various applications such
as rewritable optical data storage with tremendous data densities [67].
Finally, it has been demonstrated that nanograting-based wave plates enable diverse ap-
plications for almost arbitrary polarization manipulation. On the one hand wave plates for
the generation of radially or azimuthally polarized vortex beams can be realized that may
serve as optical vortex tweezers with tunable orbital angular momentum [176]. On the
other hand a polarization coded illumination was realized which provides structured illu-
mination microscopy within one single exposure. Thus, the gain in acquisition speed en-
ables the imaging of fast mechanical or biological processes which can even be extended
for the usage of incoherent light. Due to the high temperature stability of nanogratings
with stable retardance of up to 850◦C the wave plates can be used under harsh conditions.
Annealing at low temperatures can even be beneficial to reduce defect-assisted losses and
increase the transmission of photonic functionalities.
Further investigations may address the pore formation itself or the continuous reduction
of the period (due to e.g. splitting of grating planes [96]) by the help of time-resolved
X-ray imaging during simultaneous laser-inscription. For the latter a pulse-to-pulse time
resolution would be sufficient to image structural changes of a given nanograting volume.
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Gla¨ser bieten außergewo¨hnliche optische, chemische und mechanische Eigenschaften.
Durch die Entwicklung von Ultrakurzpulslasern konnte die hochpra¨zise Glasbearbeitung
in den letzten Jahren revolutioniert werden, so dass vielfa¨ltige Aufgabenstellungen, z.B.
im Bereich des lasergestu¨tzten Fu¨gens, Bohrens oder Schneidens umgesetzt werden konn-
ten. Bei allen diesen Verfahren stellt die nichtlineare Absorption der ultrakurzen Laser-
pulse die Grundlage dar [1, 2].
U¨ber die direkte Bearbeitung hinaus ermo¨glichen ultrakurze Pulse das lokale Einschreiben
anisotroper Strukturen in ein ansonsten isotropes Material mit Strukturgro¨ßen kleiner als
die Wellenla¨nge des Lichts. Diese sogenannten Nanogitter entstehen durch die kumula-
tive Wirkung mehrerer hundert Laserpulse und sind stets senkrecht zur Polarisation des
Einschreiblasers ausgerichtet [12, 15, 16]. Bekannt fu¨r ihre hohe Doppelbrechung ist der
Entstehungsprozess der Nanogitter insbesondere aufgrund der kurzen Zeitskalen, kom-
plexen physikalischen Mechanismen sowie der vergrabenen Strukturdetails jedoch noch
nicht vollsta¨ndig verstanden. Seit ihrer Entdeckung war lange unklar ob Nanogitter aus
einer kontinuierlichen Brechzahlmodulation oder mikroskopischen Poren, welche in peri-
odischen Stegen angeordnet sind, bestehen [53, 130]. Daru¨ber hinaus wurden Nanogitter
in verschiedenen Gla¨sern [152], Kristallen [153] und ku¨rzlich sogar im Volumen von
Halbleitern beobachtet [155]. Dies zeigt, dass ein u¨bergeordneter Mechanismus ihre Ent-
stehung diktiert.
Im Rahmen dieser Arbeit wurden die prima¨ren Bestandteile der Nanogitter, ihr Entstehen
und Anordnung in periodischen Gitterstegen sowie die damit verknu¨pften Pha¨nomene und
Materialabha¨ngigkeiten umfassend untersucht. Die Ergebnisse liefern neue Erkenntnisse
u¨ber das komplexe Zusammenspiel der laser-induzierten Ionisierung, Defektbildung, Re-
laxation angeregter Ladungstra¨ger sowie der folgenden Materialmodifikation.
Zuna¨chst wurden Nanogitter in Kieselglas untersucht, das mit seiner einfachen Zusam-
mensetzung und gut dokumentierten Eigenschaften als Material der Wahl diente, um
die laser-induzierten Modifikationen zu analysieren. Die Entstehung der Nanogitter ist
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ein sequentieller Prozess der mehrere Laserpulse pro Laserspot erfordert. Dahingegen
definieren Laserparameter wie Pulsdauer, -energie und Fokussierung die Laserintensita¨t
und somit die Schwelle der Nanogitterentstehung. Die Absorption ultrakurzer Laser-
pulse geht mit dem Aufbrechen des Glasnetzwerkes und daraus resultierenden Defekten,
wie z.B. Non-bridging Oxygen Hole Centers (NBOHCs) oder E’ Centers einher, die die
Ionisationsschwelle von Puls zu Puls reduzieren [15, 95, 24] und somit die Ru¨ckkopp-
lung unter andauernder Bestrahlung vermitteln. Durch das Aufbrechen von Bindungen
entsteht molekularer Sauerstoff, der sich in mikroskopischen Poren sammelt. Das wieder-
holte Aufheizen und Abku¨hlen des Glases resultiert aufgrund der hohen Abku¨hlraten in
einer erho¨hten fiktiven Temperatur im Vergleich zum unbestrahlten Glas, die aufgrund
der Anomalita¨t von Kieselglas eine lokale Verdichtung zur Folge hat. Als Resultat ist die
mikroskopische Nanostruktur in verdichtetem Material eingebettet. Das niedrigere rela-
tive Volumen verursacht (als direkte Reaktion) Zugdehnungen innerhalb des bestrahlten
Bereiches sowie im umgebenen Material. Die Amplitude der Zugdehnungen skaliert mit
der Laserrepetitionsrate wie Messungen atomarer Bindungsabsta¨nde mittels Weitwinkel-
ro¨ntgenstreuung belegen. Durch mechanisches Trennen laser-bestrahlter Bereiche rela-
xiert der elastische Anteil teilweise, wodurch eine bimodale Oberfla¨chendeformation auf-
grund einer zugrunde liegenden Nanostruktur entsteht.
Durch die Verknu¨pfung von Kleinwinkelro¨ntgenstreuung, Messungen des optischen Gang-
unterschieds sowie gezieltem Materialabtrag mittels fokussiertem Ionenstrahl und an-
schließender Rasterelektronenmikroskopie konnte eindeutig nachgewiesen werden, dass
Nanogitter aus mikroskopischen Poren bestehen. Zum ersten Mal konnte die Entstehung
dieser Poren, ihr Wachstum und Anordnung in regelma¨ßigen Gitterstegen beobachtet und
systematisch untersucht werden. Wie sich zeigte, kann der sequentielle Entstehungspro-
zess in Abha¨ngigkeit der Anzahl der eingestrahlten Laserpulse in 4 Phasen gegliedert wer-
den: Einzelne fokussierte ultrakurze Laserpulse induzieren isotrope zylindrische Lo¨cher,
die sich vollkommen deterministisch und ohne die Anwesenheit intrinsischer Materialin-
homogenita¨ten bilden (Phase 1). Durch eine ho¨here Anzahl von Laserpulsen pro Spot wer-
den diese Lo¨cher deformiert und zufa¨llig angeordnete Materialinhomogenita¨ten entstehen
(Phase 2). Diese bilden den Keim fu¨r das Wachstum anisotroper Poren aufgrund von Feld-
versta¨rkung senkrecht zur Laserpolarisation in Kombination mit Defekt-induzierter Ab-
sorption von Puls zu Puls (Phase 3). Nachdem sich eine Vielzahl von Poren gebildet hat,
richten sich diese exakt senkrecht zur Polarisationsrichtung aus und die Porenzahl steigt
weiter an (Phase 4). Wa¨hrend die Anordnung der Poren zuna¨chst entsprechend des in
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[15, 24] beschriebenen nanoplasmonischen Modells erfolgen kann, sind andere Effekte,
wie z.B. die koha¨rente U¨berlagerung des an bestehenden Gitterstegen gestreuten Feldes
fu¨r die Entstehung neuer Gitterstege und so die kontinuierliche Reduktion der Periode
(auch unterhalb λ/2n) verantwortlich [96]. Dieser Ansatz liefert eine Erkla¨rung fu¨r die
verringerte Gitterperiode bei wiederholtem Wiederbeschreiben. Mit jedem erneuten Aus-
richten der Nanogitter steigt die Anzahl anisotroper Poren und so das Fu¨llverha¨ltnis der
Gitterstege, was aufgrund der sta¨rkeren Streuung kleinere Perioden begu¨nstigt.
Die Ergebnisse erkla¨ren diverse Aspekte im Zusammenhang mit Nanogittern. Zuna¨chst
bestehen Nanogitter aus leeren (bzw. gas-gefu¨llten) Poren, die sich in regelma¨ßigen Ste-
gen anordnen. Daraus resultiert die enorme Doppelbrechung trotz der geringen Struk-
turgro¨ße eingebrachter Modifikationen. Ebenfalls erkla¨rt dies die stark anisotrope A¨tzrate
in Abha¨ngigkeit der Polarisationsrichtung des Einschreiblasers [26]. Des Weiteren zeigt
der oben genannte Mechanismus, dass die Entwicklung der Nanogitter direkt mit der
Entstehung makroskopischer Voids, die typischerweise bei ho¨heren Pulsenergien beo-
bachtet werden, verknu¨pft ist. Daher ist die Bildung von Nanogittern in Gla¨sern wie
z.B. Borosilikatglas gehemmt [61], in denen kaum Voids beobachtet werden [138]. Der
oben genannte Entstehungsmechanismus ist sowohl fu¨r punktweises Einschreiben gu¨ltig
als auch fu¨r den Fall, dass der Laserfokus kontinuierlich verfahren wird. Im letzten Fall
sind jedoch weniger Pulse pro Laserspot fu¨r die Entstehung der Nanogitter notwendig.
Nach nur wenigen Laserpulsen pro Spot (in Phase 2) begu¨nstigt die Akkumulation Laser-
induzierter Spannungen die Entstehung von Rissen entlang der Verfahrrichtung. Diese
Risse dienen als Keim fu¨r das Wachstum anisotroper Poren aufgrund lokaler Feldver-
sta¨rkung, insbesondere wenn die Polarisation senkrecht zur Verfahrrichtung orientiert ist.
Dahingegen wird im Fall von punktweisem Einschreiben die Anordnung regelma¨ßiger
Nanogitter stark verzo¨gert wie die in-situ Beugungsmessungen an Nanogitterproben bele-
gen, da keine Keime (bzw. elongierte Risse entlang der Verfahrrichtung) fu¨r das Wachs-
tum der Poren vorliegen. Im Weiteren liefert der Ansatz der sinkenden Gitterperiode auf
Basis koha¨renter U¨berlagerung des gestreuten Feldes eine Erkla¨rung fu¨r die, in dieser
Arbeit gemessenen, kleinen Perioden Laser-induzierter Oberfla¨chengitter (engl.: Laser-
Induced Periodic Surface Structures, kurz: LIPSS) [151].
Im Rahmen dieser Arbeit konnte nachgewiesen werden, dass Nanogitter in verschiedenen
Gla¨sern erzeugt werden ko¨nnen. Sie stellen keine Eigenheit von Kieselglas dar und sind
nicht mit dem anomalen Verhalten der Glasdichte in Abha¨ngigkeit der fiktiven Temperatur
verknu¨pft. Der Entstehungsmechanismus in dotiertem Glas (z.B. ULE oder Germanium
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dotiertes Silikatglas) sowie in Borosilikat basiert auf Porenwachstum sowie nachfolgen-
der Ausrichtung der Poren. Thermomechanische Eigenschaften beeinflussen die Schwelle
der Nanogitterentstehung (z.B. in Abha¨ngigkeit der Laserwiederholrate), die Zersetzung
des Glases unter Bestrahlung mittels ultrakurzer Laserpulse in eine poro¨se Nanostruktur
sowie mikroskopische Eigenschaften, wie z.B. die Dicke der Poren. Eine niedrigere Mod-
ifikationsschwelle (z.B. durch Defekt-basierte Absorption) kann die Anordnung in peri-
odischen Gitterstegen beschleunigen. Zusa¨tzlich zeigen die Untersuchungen der Nanogit-
ter in Borofloat 33 in U¨bereinstimmung mit aktuellen theoretischen Studien [77], dass
intrinsische Inhomogenita¨ten die Periode laser-induzierter Nanostrukturen stark beein-
flussen. Zum ersten Mal konnte eine Nanogitterperiode von 60 nm (≈ λ/10n) beobachtet
werden.
Nanogitter ko¨nnen wiederbeschrieben werden, d.h. ein bereits bestehendes Gitter kann
durch Einschreiben an der gleichen Stelle aber mit gedrehter Polarisation ausgelo¨scht und
neu angeordnet werden. Dieser Prozess wurde im Rahmen der Arbeit umfassend unter-
sucht wobei die Ergebnisse zeigen, dass die Gitterentstehung in der gleichen Abfolge fu¨r
wiederholtes Wiederbeschreiben geschieht. Dennoch fu¨hrt wiederholtes Einschreiben des
Gitters dazu, dass die Porosita¨t des Glases steigt woraus eine ho¨here Doppelbrechung bei
hohem Pulsu¨berlapp resultiert. Obwohl die Gitterqualita¨t bei mehrfachem U¨berschreiben
degradiert, ermo¨glicht das Wiederbeschreiben diverse Anwendungen wie z.B. wiederbe-
schreibbare optische Datenspeicherung mit enormen Datendichten [67].
Die Verknu¨pfung von intrinsischen Glaseigenschaften und induzierter Periode der Nano-
strukturen ermo¨glicht die Herstellung diverser photonischer Bauelemente auf Grundlage
maßgeschneiderter Gitter- und den damit verbundenen optischen Eigenschaften. In diesem
Rahmen wurde demonstriert, dass das lokale Einschreiben anisotroper Nanostrukturen
mit ansonsten schwer realisierbaren Strukturgro¨ßen genutzt werden kann, um z.B.Wellen-
platten zur nahezu beliebigen Polarisationsmanipulation herzustellen. Zum einen die-
nen Nanogitter-basierende Wellenplatten zur Erzeugung von optischen Vortex-Strahlen
mit radialer oder azimutaler Polarisation die im Weiteren z.B. als optische Pinzette mit
variablem Bahndrehimpuls genutzt werden ko¨nnen [176]. Die Transmission der Wellen-
platten kann z.B. fu¨r die Anwendung in Hochleistungslasern durch Ausheizen Laser-
induzierter Defekte deutlich erho¨ht werden. Zum anderen wurde eine polarisationsko-
dierte Beleuchtung generiert, die strukturierte Beleuchtungsmikroskopie in einer einzi-
gen Aufnahme gewa¨hrleistet. Die schnellere Bildgebung ermo¨glicht es, rasante mecha-
nische oder biologische Prozesse mit hoher Auflo¨sung zu beobachten. Dabei weisen die
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Nanogitter-basierenden Wellenplatten hohe Temperaturstabilita¨t bis 850◦C auf, so dass
selbst Anwendungen unter extremen Bedingungen denkbar sind.
Zuku¨nftig ko¨nnten weitere Untersuchungen die Porenentstehung selbst oder die Reduk-
tion der Nanogitterperiode (durch z.B. Aufteilen eines bestehenden Gittersteges [96])
auf Grundlage zeitaufgelo¨ster Ro¨ntgenstreuung adressieren. Fu¨r letzteres wa¨re eine Zeit-
auflo¨sung von Puls zu Puls ausreichend, um strukturelle A¨nderungen eines gegebenen
Nanogittervolumens zu analysieren.
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